INTRODUCTION
============

Hippocampal N-methyl-D-aspartic acid receptors (NMDARs) have been linked to spatial and long-term learning and memory ([@b7-bt-26-109]; [@b25-bt-26-109]). Functional NMDARs are generally comprised of a heterotetrameric asSEM bly typically containing two NMDA receptor 1 (GluN1) and two GluN2 or mixed GluN2 and GluN3 subunits ([@b28-bt-26-109]). The contribution of NMDAR signaling to synaptic plasticity and learning and memory in the central nervous system is well established ([@b31-bt-26-109]). Enhanced NMDAR signaling facilitates synaptic dopamine (DA) plasticity and superior learning and memory in various behavioral tasks ([@b33-bt-26-109]; [@b15-bt-26-109]).

Clinical studies have revealed the potential for cognitive enhancement via plant sources as therapeutic tools in several neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson's disease, and stroke ([@b30-bt-26-109]; [@b20-bt-26-109]; [@b27-bt-26-109]; [@b14-bt-26-109]). These enhancements can partially compensate for the cognitive deficits induced by AD ([@b10-bt-26-109]; [@b29-bt-26-109]; [@b37-bt-26-109]). In addition to these clinical benefits, cognitive enhancements have been observed in declarative and working memory and other cognitive functions in healthy subjects ([@b11-bt-26-109]; [@b39-bt-26-109]). In this case, potential natural products or their active compounds may promote neurogenesis-associated cell proliferation, migration, differentiation, apoptosis, and synaptogenesis via modulation of NMDARs in the central nervous system (CNS) ([@b13-bt-26-109]; [@b17-bt-26-109]).

Liquiritigenin (LQ) is a flavonoid that is extracted from the *Glycyrrhiza* radix and is found in a variety of plants and foods. LQ has anti-oxidant, anti-inflammatory, and anti-cancer properties. The chemical structure of LQ is shown in [Fig. 1](#f1-bt-26-109){ref-type="fig"}. In previous reports, Lie and colleagues demonstrated that LQ could inhibit neurotoxicity-induced production of amyloid beta-peptide in primary hippocampal neurons ([@b23-bt-26-109]) and that it significantly improved learning and memory in transgenic mice in terms of AD-like amyloid beta precursor protein expression ([@b21-bt-26-109]). Pharmacokinetic data showed that LQ is absorbed well *in vivo* and ([@b12-bt-26-109]) it efficiently penetrates the blood-brain barrier both in cultured rat brain microvascular endothelial cells and astrocyte systems ([@b22-bt-26-109]). The increasing understanding of LQ has gradually suggested a potential medicinal role for AD that deserves further investigation. Therefore, in the present study, we investigated whether LQ improved learning and memory in mice. To assess the cognitive-enhancing effects of LQ in mice, we evaluated the effect of LQ on learning and memory with the Y-maze and passive avoidance tests. We also conducted Western blot analysis to test whether LQ affected the NMDAR or cAMP response element binding (CREB) signaling pathways in mouse hippocampus.

MATERIALS AND METHODS
=====================

Chemicals and reagents
----------------------

LQ was purchased from Extrasynthese (Genay Cedex, France). Anti-β-actin antibody and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemicals (St. Louis, MO, USA). Rabbit anti-postsynaptic density protein-95 (PSD-95), anti-phospho Ca^2+^/calmodulin-dependent protein kinase II (CaMKII); anti-CaMKII, anti-phospho extracellular signal-regulated kinase 1/2 (ERK 1/2), anti-ERK 1/2, anti-NMDAR subunit 1 (NR1), anti-NMDAR subunit 2A (NR2A), and anti-NMDAR subunit 2B (NR2B) antibodies were purchased from Cell Signaling Technology Inc (Danvers, MA, USA). Rabbit anti-phospho CREB and anti-CREB antibodies were purchased from Abcam Company (Cambridge, MA, USA). Secondary antibodies were purchased from Jackson ImmunoResearch Laboratories Inc (West Grove, PA, USA). All other chemicals were of analytical grade.

Animals
-------

Male ICR mice (4-weeks-old, 20--23 g) were purchased from Koatech Co., Ltd (Pyongtaek, Korea). Mice were housed 10 per cage (26×42×18 cm), allowed access to water and food *ad*, *libitum* and maintained at constant temperature (23 ± 1°C) and humidity (55 ± 5%) conditions under a 12-h light/dark cycle (lights on 07:00 to 19:00 h). All experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals and with the approval of the Institutional Animal Care and Use Committee of Sungkyunkwan University (Suwon, Korea).

Y-maze test
-----------

The spontaneous alternation behavior Y-maze test is a horizontal maze (30 cm long and 5 cm wide, with walls 12 cm high) with three arms (labeled A, B, and C). The maze floor and walls are constructed of dark grey, polyvinyl plastic. Mice were initially placed within one arm, and the number of alternations (i.e., consecutive entry sequences of ABC, CAB, or BCA but not BAB) and the number of arm entries were manually recorded for each mouse over an 8-min period. One hour before each test, the mice were given LQ (5 or 20 mg/kg, p.o.) or vehicle (10% tween 80 with 5% DMSO in distilled water) for the control group. Percentage alternation was calculated according to the following equation: Percentage alternation= \[(Number of alternations)/(Total arm entries-2)\]×100. The number of arm entries per trial was used to indicate locomotor activity. The Y-maze arms were cleaned with 10% ethanol between tests to remove odors and residues.

Passive avoidance test
----------------------

The step-through passive avoidance apparatus consisted of one clear and one dark chamber separated by a guillotine door. The floors of both the clear (12×10×12 cm) and dark chambers (12×10×12 cm) were made of 2-mm stainless steel rods spaced 0.5 cm apart. A 50-W lamp positioned 1 m above both chambers illuminated the apparatus. The mice underwent two separate trials, a training trial and a test trial 24 h later. One hour before the training trial, mice were given LQ (5 or 20 mg/kg, p.o.) or vehicle (10% tween 80 with 5% DMSO in distilled water) for the control group. For the training trial, mice were initially placed in the clear chamber. When they entered the dark chamber, the door closed and an electrical foot shock (0.5 mA for 3 seconds) was delivered through the stainless steel rods. Twenty-four hours after the training trial, mice were placed in the illuminated compartment for the test trial. During any trial (training or test trial), the time taken for a mouse to enter the dark compartment after the door opened was defined as the latency. Latency was recorded up to 300 seconds. The step-through passive avoidance apparatus was cleaned with 10% ethanol between tests to remove odors and residues.

Western blot analysis
---------------------

Western blot analysis was performed as previously described ([@b16-bt-26-109]). In brief, isolated hippocampal tissues from both hemispheres were promptly excised and homogenized in a rotary homogenizer with 200 μl of ice-cold lysis T-per tissue protein extraction buffer (Thermo Scientific, Rockford, IL, USA) containing protease and phosphatase inhibitor cocktails (Roche Diagnostics, GmbH, Mannheim, Germany) and incubated on ice for 30 min. After centrifugation at 10,000×g for 15 min, the supernatant was separated and stored at −70°C. The protein concentration was determined with a protein assay kit (Thermo Scientific). The protein samples were subjected to 8--12.5 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). These samples were transferred onto polyvinylidene difluoride (PVDF) membranes (Pall Corporation, Pensacola, FL, USA) in transfer buffer \[25 mM Tri-HCl buffer (pH 7.4) containing 192 mM glycine and 20% v/v methanol\], and blocked with 5% non-fat milk in 0.5 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20 for 1h at room temperature. Each membrane was incubated in primary antibodies, anti-NR1 (1:1000), anti-NR2A (1:1000), anti-NR2B (1:1000), anti-PSD-95 (1:1000), anti-phospho CaMKII (1:1000), anti-CaMKII (1:1000), anti-phospho ERK 1/2 (1:2000), anti-ERK 1/2 (1:2000), anti-phospho CREB (1:1000), and anti-CREB (1:1000), overnight at 4°C. After washing the membranes with TBST (Tris-buffered saline with 0.1% Tween 20), blots were incubated in horseradish-peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room temperature. After the blots were washed again with TBST to determine band density, enhanced chemiluminescence (ECL) was used by immersing the probed membrane in a 1:1 mixture of ECL reagents A and B (Animal Genetics Inc., Suwon, Korea) for 5 min. Membranes were then exposed to photographic film for a few minutes. Protein bands were quantified by densitometric analysis with ImageJ software from NIH (Bethesda, MD, USA).

Statistical analyses
--------------------

Data are expressed as mean ± SEM and analyzed with Prism 6.0 software (GraphPad Software, Inc., San Diego, CA, USA). Data from the Y-maze and passive avoidance tests were analyzed with one-way analysis of variance (ANOVA) followed by Newman-Keuls test. Western blot data were analyzed with an unpaired *t*-test. Statistical significance was set at *p*\<0.05.

RESULTS
=======

Effects of LQ on the spontaneous alternation behavior
-----------------------------------------------------

To evaluate the effects of LQ on short-term or working memory, improvement was investigated in the spontaneous alternation behavior. After 20 mg/kg LQ was administered, the percentage of spontaneous alternation behavior increased without a change in the number of arm entries compared to the vehicle group ([Fig. 2A](#f2-bt-26-109){ref-type="fig"}, *F*~(2,\ 21)~=3.249, *p*\<0.05 and [Fig. 2B](#f2-bt-26-109){ref-type="fig"}, *F*~(2,\ 33)~=0.3208).

Effects of LQ on the step-through passive avoidance test
--------------------------------------------------------

We evaluated the effects of LQ on long-term memory in mice by using the step-through passive avoidance test. Mice treated with LQ (20 mg/kg) had a significantly longer step-through latency time in test trials than did the vehicle group ([Fig. 3](#f3-bt-26-109){ref-type="fig"}, *F*~(5,\ 42)~=7.227, *p*\<0.05).

Effects of LQ on expression levels of NMDAR subunits 1, 2A, and 2B in the hippocampus
-------------------------------------------------------------------------------------

To determine the mechanism that underlies the effects of LQ on cognitive enhancement, we used Western blot analysis to investigate whether administering LQ influenced expression of NMDAR subunits 1, 2A, and 2B in the hippocampus. The LQ-treated group had significantly higher expression levels of subunits 1 ([Fig. 4A](#f4-bt-26-109){ref-type="fig"}, *t*=4.926, *p*\<0.01), 2A ([Fig. 4B](#f4-bt-26-109){ref-type="fig"}, *t*=5.597, *p*\<0.01), and 2B ([Fig. 4C](#f4-bt-26-109){ref-type="fig"}, *t*=2.802, *p*\<0.05) in the hippocampus than did the vehicle group.

Effects of LQ on PSD-95 expression levels and CaMKII, ERK, and CREB phosphorylation in the hippocampus
------------------------------------------------------------------------------------------------------

In order to assess the effects of LQ on PSD-95 expression and CaMKII, ERK, and CREB phosphorylation, which are downstream targets of NMDARs, Western blot analysis was performed after the behavioral tests. LQ significantly increased PSD-95 ([Fig. 5A](#f5-bt-26-109){ref-type="fig"}, *t*=5.033, *p*\<0.01) expression levels and CaMKII phosphorylation ([Fig. 5B](#f5-bt-26-109){ref-type="fig"}, *t*=7.188, *p*\<0.01), ERK phosphorylation ([Fig. 5C](#f5-bt-26-109){ref-type="fig"}, *t*=5.599, *p*\<0.01) and CREB phosphorylation ([Fig. 5D](#f5-bt-26-109){ref-type="fig"}, *t*=5.636, *p*\<0.01) in the hippocampus compared with the vehicle group.

DISCUSSION
==========

The present study was designed to assess the effects of LQ on learning and memory in normal mice by using the Y-maze and passive avoidance tests. We also confirmed the effects of LQ on biochemical markers in the NMDA signaling pathway, expression of NMDARs (subunits 1, 2A, and 2B), PSD-95 and CaMKII, ERK, and CREB phosphorylation in the hippocampus.

To evaluate the effects of LQ on learning and memory, Y-maze and passive avoidance behavioral tests were performed after LQ was administered. Spontaneous alternation behavior in the Y-maze test is a surrogate measure of short-term and working memory (Kwon *et al*., 2009). LQ (20 mg/kg) significantly improved spontaneous alternation behavior without changing the number of arm entries in normal mice. The one trial passive avoidance task, which is used to measure fear-motivated contextual long-term memory, was also employed. A single dose of LQ (20 mg/kg) significantly enhanced the step-through latency time during the test trial, indicating that LQ-mediated enhancement of the survival and synaptic plasticity of newborn neurons may facilitate learning and memory.

We subsequently questioned how LQ affected cognition, including short-term, working, and long-term memory, in mice. NMDARs were previously reported to be essential regulators of synaptic plasticity, neuronal development, and synaptic transmission ([@b1-bt-26-109]; [@b3-bt-26-109]). NMDARs play an important role in long-term potentiation (LTP), which is regarded as the molecular basis of learning and memory ([@b24-bt-26-109]). Many previous studies have shown that the administration of NMDAR antagonists impairs memory in learning and memory tasks such as the radial maze and Morris water maze, suggesting that hippocampal NMDARs play an important role in learning and memory, especially spatial memory ([@b42-bt-26-109]; [@b34-bt-26-109]). In the present study, to determine whether LQ influenced the NMDA signaling pathway, we measured the expression of NMDAR subunits NR1, NR2A, and NR2B in the hippocampus after LQ administration. Western blot analyses showed that LQ significantly increased NR1, NR2A, and NR2B expression levels in the hippocampus. In addition, we assessed the effects of LQ on PSD-95 expression by Western blot after LQ administration. Patients with AD have decreased levels of post-synaptic intracellular scaffold proteins, including PSD-95, suggesting post-synaptic disruption precedes the loss of pre-synaptic proteins and initiates cognitive deficits ([@b9-bt-26-109]; [@b36-bt-26-109]; [@b5-bt-26-109]). Moreover, NMDAR subunits interact with PSD-95 protein at the C-terminus of the NMDAR, and significant decreases in the PSD-95-NMDAR complex were observed in mice with long-term spatial learning and memory impairments ([@b4-bt-26-109]). In a previous report, decreased levels of PSD-95 were induced by decreased expression of NMDAR subunits (NR1, NR2A, and NR2B) in the hippocampus ([@b35-bt-26-109]; [@b8-bt-26-109]). In our Western blots, LQ significantly increased PSD-95 expression in the hippocampus.

We also observed the effects of LQ on CaMKII phosphorylation in the hippocampus. The CaMKII protein plays an essential role in NMDA receptor-dependent hippocampal LTP and is a mediator of synaptic plasticity and learning and memory formation ([@b40-bt-26-109]; [@b18-bt-26-109]). Furthermore, CaMKII, a crucial serine/threonine kinase, is activated in a calmodulin (CaM)-dependent manner following calcium influx associated with many neuronal functions through NMDARs ([@b41-bt-26-109]). A previous report demonstrated that the alteration of NMDARs could affect CaMKII activation in the CNS ([@b43-bt-26-109]). Our data provide the first evidence that the administration of LQ significantly increased the level of CaMKII phosphorylation in the hippocampus.

In addition, ERK is activated by multiple upstream molecular cascades including NMDAR/CaMKII signaling ([@b6-bt-26-109]; [@b19-bt-26-109]). Many previous studies have demonstrated that phosphorylation of ERK is linked to memory function, synaptic plasticity, and induction and maintenance of LTP ([@b38-bt-26-109]; [@b32-bt-26-109]). Our Western blot results showed LQ administration markedly increased ERK phosphorylation in the hippocampus of mice. This increase might be due to the effect of LQ on NMDAR signaling pathway in the hippocampus.

The transcription factor CREB is implicated in neuronal plasticity and long-term memory. CREB is also related to the survival, proliferation, and maturation of neuronal cells ([@b2-bt-26-109]; [@b26-bt-26-109]). The present study showed that the phosphorylation of hippocampal CREB was significantly higher in the LQ group than in the vehicle group. Taken together, our results suggest that the increase in NMDAR expression may activate CREB phosphorylation, which is critical for synaptic function and increasing NMDAR levels via a positive feedback loop. An increase in post-synaptic proteins may activate CREB phosphorylation resulting in enhanced cognitive consolidation. Thus, to the best of our knowledge, the effects of LQ on learning and memory are directly associated with synaptic function. We found increased expression of NMDAR subunits (NR1, NR2A, and NR2B) in the hippocampus due to LQ. These results provide evidence that the potent memory-enhancing effects of LQ in mice are associated with activation of the NMDA receptor pathway in the hippocampus. Moreover, LQ significantly increased PSD-95 level, phosphorylation of CaMKII, and phosphorylation of ERK, which are upstream molecules of phosphorylated CREB.

In conclusion, our study showed that administering LQ enhanced cognitive performance, which may have resulted from activated signaling by NMDARs and PSD-95 as well as CaMKII, ERK, and CREB phosphorylation in mouse hippocampi. Therefore, our results suggest that cognitive enhancement by LQ may be a candidate for treating cognitive dysfunction in neurological disorders such as AD.
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![Effects of LQ on learning and memory as determined by spontaneous alternation behavior in a Y-maze. Mice were treated with LQ (5 and 20 mg/kg, p.o.) or vehicle solution 60 min before the tests (A and B). Data are expressed as the mean ± SEM (n=10). ^\*^*p*\<0.05 compared with the vehicle group.](bt-26-109f2){#f2-bt-26-109}

![Effects of LQ on learning and memory as determined by using the step-through passive avoidance test. Mice were treated with LQ (5 and 20 mg/kg, p.o.) or vehicle 60 min before the tests. Data are expressed as the mean ± SEM (n=10). ^\*^*p*\<0.05 compared with the vehicle group.](bt-26-109f3){#f3-bt-26-109}

![Effects of LQ on NR1 (A), NR2A (B), and NR2B (C) expression levels in the hippocampus. Mice were decapitated 60 min after test trials of the passive avoidance test. The hippocampus was dissected for Western blot analysis. Data are expressed as the mean ± SEM (n=5). ^\*^*p*\<0.05 and ^\*\*^*p*\<0.01 compared with the vehicle group.](bt-26-109f4){#f4-bt-26-109}

![Effects of LQ on PSD-95 expression levels (A) and CaMKII phosphorylation (B), ERK phosphorylation (C), and CREB phosphorylation (D) in the hippocampus. Mice were decapitated 60 min after test trials of the passive avoidance test. The hippocampus was dissected for Western blot analysis. Data are expressed as the mean ± SEM (n=5). ^\*\*^*p*\<0.01 compared with the vehicle group.](bt-26-109f5){#f5-bt-26-109}
